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in	 count:	 i)	 device	 fabrication	 is	 less	 complex	 due	 to	 the	 low	 vacuum	 and	 temperature	
deposition	 or	 solution	 processing,	 with	 direct	 benefits	 into	 production	 costs	 and	
environmental	 impact,	 ii)	 functionality	would	be	enhanced	due	to	their	chemical	 tailoring	
potential,	throw	molecular	functionalization,	iii)	the	weak	intermolecular	interaction	due	to	
van	der	Waals	 forces	makes	organic	 films	 flexible	and	compatible	with	plastic	 substrates,	
opening	the	way	towards	the	fabrication	of	soft,	large-area	bio-sensors.	





A	 limited	amount	of	publications	deal	with	 the	 interface	between	organics	and	dielectric	
single	 crystals,	 in	 confrontation	 with	 its	 relevance	 for	 organic	 devices:	 i)	 thanks	 to	 the	
photoexcitation	behaviour	of	dye	molecules	known	as	sensitizers,	attached	to	a	nanoporous	
or	nanospheres	of	 titanium	dioxide,	organic	dye-sensitized	solar	cells	 collect	 sunlight	and	












produced	 images	 of	molecular	 orbitals	 with	 sub-molecular	 resolution,	 and	 details	 of	 the	
intramolecular	 distribution	 of	 charge	 [4].	 In	 addition,	 the	 nanomanipulation	 with	 the	











phtalocyanine	 (2H-Pc),	 tetraphenyl	 porphyrin	 (2H-TPP),	 tert-butyl	 tetraphenyl	 porphyrin	
(2H-tbTPP)	 and	 octaethyl	 porphyrin	 (2H-OEP)	 through	 microscopic	 and	 spectroscopic	
characterization	and	theoretic	simulations,	anchoring	their	main	chemical	reactions	under	
the	rutile-TiO2(110)	presence	as	source	of	atoms	and	as	catalytic	surface,	focusing	into	2H-
















Fig.	 2.1.	 Relationship	 between	 gas	 pressure,	 surface	 contamination	 and	 mean	 free	 path	





The	 experiments	 and	 techniques	 performed	 during	 this	 thesis	 were	 done	 under	 UHV	





























amplified	 can	 be	 easily	 measured.	 This	 current	 depends	 exponentially	 on	 the	 distance	
between	sample	and	tip.	The	tip	is	at	this	point	made	to	scan	the	surface,	applying	a	feedback	
loop	to	keep	tunneling	current	or	height	constant.	








Since	 the	 development	 ascribed	 to	 Binnig	 et	 al.	 [8],	 it	 has	 become	 a	 well-established	
technique,	improving	the	vibration	isolation	of	the	probe	and	the	sample,	from	the	primitive	
version	of	superconducting	levitation	system	to	the	actual	suspension	springs	and	damping	





a	 potential	 barrier	 higher	 than	 the	 particle’s	 kinetic	 energy	 has	 no	 zero-probability	 of	




− ħ'( )*)+* $ # + - # $ # = /$ # 																																						(2.1)	
	
where	0	is	the	electron	mass,	#	and	/	are	its	position	and	energy.	Considering	the	case	of	a	
piecewise-constant	 potential	- 	in	 the	 classical	 allowed	 region	/ > - ,	 generates	 a	 plane	
wave	solution	




8 = '((:;<)ħ 																																																														(2.3)	
	
	The	electron	moves	with	constant	momentum	>+ = ħ8	 = 20(/ − -)	However	there	is	
a	solution	to	eq.	2.2.	in	the	/ < -	region	






8 = '((<;:)ħ 																																																														(2.5)	
		















probability	 to	tunneling	the	tip.	 If	 the	voltage	 is	smaller	4! ≪ A,	 the	energy	 levels	of	 the	
tunneling	electrons	are	very	close	to	/C,	and	the	probability	F	of	an	electron	in	the	state	$G	
occupying	the	nth	sample	state	to	tunnel	to	the	tip	surface	 # = B 	is	
	 F ∝ $G 0 '4;'7I																																																				(2.6)	
	
considering	$G 0 	the	wave	function	goes	the	nth	sample	state	at	the	surface	(# = 0)	and	 	
the	decay	constant	of	a	sample	state	near	the	Fermi	level	in	the	barrier	region	
	
























" = 4T4ħ U /C + 12 4! + W − U /C − 12 4! + WXY;Y ×	PQ /C + [' 4! + W P\ /C − [' 4! + W ] W '^W																								(2.10)	
	
at	 low	 temperature,	 i.e.	 when	 limit	 _`a ≪ 4! ,	 the	 Fermi	 distribution	 U / 	can	 be	
approximated	by	a	step	function	
	
" = bcNħ PQ /C + [' 4! + W P\ /C − [' 4! + W ] W '^WXd*NO;d*NO 												(2.11)	
	









known	 as	 the	 photoelectric	 effect	 and	was	 discovered	 by	Hertz	 (1887)	 and	 theorized	 by	
Einstein	(1905):	an	electron	in	a	state	with	binding	energy	/`	absorbs	a	photon	with	energy	ℎf	and	can	gets	over	the	material’s	work	function	A,	escaping	with	a	kinetic	energy	/g6G	
	 /g6G = ℎf −	/` − A																																																							(2.12)	
	
Due	 to	 the	 attractiveness	 of	 the	 electrons	 as	 experimental	 probes	 (i.e.	with	 electrostatic	
fields,	the	electrons’	energy	and	momentum	can	be	easily	focused	and	analysed;	electrons	
are	easy	to	count	and	vanish	after	being	detected;	as	shown	in	the	Fig.	2.4.,	the	escape	depth	
of	 electrons	 is	 small	 enough	 to	 keep	 the	 surface	 sensitivity	 of	 the	 techniques;	 electrons	
provide	direct	information	on	the	electronic	structure	of	the	matter,	etc.),	this	effect	is	the	
base	of	many	spectroscopic	techniques,	in	particular	for	this	thesis:	x-ray	(XPS)	and	ultraviolet	
(UPS)	 photoemission	 spectroscopy	 to	 study	 occupied	 electronic	 states	 by	 direct	














	In	XPS,	usually	soft	x-ray	photons	(ℎf = 100	eV − 1	keV)	are	used	to	probe	the	sample.	This	
energy	is	enough	to	eject	the	electrons	most	tightly	bound	from	the	core-levels,	showing	in	
the	 energy	 vs.	 photoemission	 intensity	 spectra	 sharp	 peaks	 at	 well	 define	 energies	




chemical	 environment	 can	 lead	 to	 variations	 in	 the	 position	 of	 the	 core	 level,	 known	 as	
chemical	shifts.	 Its	origin	could	be	due	to	either	the	formation	of	chemical	bonds	that	are	
involved	in	the	electron	transfer	and	change	the	charge	density	of	the	atom	or	the	electron	


























In	 the	 previous	 techniques,	 we	 described	 the	 photoemission	 by	 direct	 excitation	 of	 the	
photo-emitted	 electrons	 from	 the	 occupied	 states	 of	matter	 to	 the	 vacuum	 level,	 but	 a	


















molecular	 orbitals	 (MOs)	 that	 are	 named	 as	 σ	 and	 π	 symmetries	 and	with	 *	 if	 they	 are	
unfilled.	In	π-conjugated	molecules	the	lower	unoccupied	molecular	orbital	is	usually	a	π*-
orbital,	with	the	σ*-orbitals	at	higher	energies.	These	states	are	usually	above	the	vacuum	
level	 in	 neutral	molecules	 but	 pulled	 below	 by	 electron-hole	 Coulomb	 interaction	 in	 the	
ionized	molecules.	The	NEXAFS	doesn’t	ionize	the	atom	or	molecule,	but	creates	a	hole	and	
excites	an	electron	that	will	therefore	interact.		
The	 natural	 linewidth	 of	 the	 resonances	 (as	 dictated	 by	 the	 corresponding	 lifetime)	 is	
broadened	 by	 the	 instrumental	 resolution	 which	 eventually	 swears	 the	 splitting	 of	
resonances	due	to	the	molecular	vibrational	states.	Since	σ*	orbitals	are	found	above	the	












This	 transition	 probability	 is	 described	 by	 the	 Fermi’s	 golden	 rule	 [14]	 that	 links	 the	
resonance	intensity	I	to	the	matrix	element	






	 " ∝ 4 U > l ' ∝ cos' p																																																						(2.14)	
	
with	p	the	angle	between	the	electric	field	vector	and	the	direction	of	the	final	state	orbital,	
that	presents	a	maximum	when	 the	electric	 field	direction	 is	 aligned	along	a	direction	of	
maximum	electron	density.	This	polarization	dependence	of	the	resonances	intensity	allows	






	 "q "r = 1 − cos' s cos' t − sin' s sin' t																																													(2.15)	
	
and	due	to	the	small	incident	angle	θ	about	4º	
	 "q "r = tan' t																																																																				(2.16)	
	




different	 azimuthal	 orientations	 respect	 to	 the	 molecular	 plane,	 the	 tilt	 angle	 must	 be	
calculated	with	a	formula	for	threefold	or	higher	substrate	symmetry	
	




As	 shown	 in	 Fig.	 2.7.	when	 any	 incident	 beam	 (i.e.	 photons,	 ions,	 electrons,	 neutrons	 or	
protons)	with	a	wavelength	comparable	to	the	periodical	spacing	between	the	structures	of	





















 = 'c) 																																																																					(2.20)	
	
or	in	vector	form	as	Laue	interpreted	it	





the	wavelength	 of	 the	 incident	 and	 diffracted	waves,	 the	 diffraction	 angle	 for	 a	 specific	
reflection	and	the	reciprocal	lattice	of	the	sample.	Considering	the	sphere	radius	
	

















Only	 the	 electrons	 which	 interact	 with	 the	 most	 superficial	 layers	 experiment	 elastic	








the	 intensity	 distributions	 along	 the	 reciprocal	 lattice	 rods	 only	 changing	 the	 crystal	








Theoretically,	 the	 intersection	 of	 streaks	 with	 the	 Ewald	 Sphere	 should	 form	 points.	
However,	 the	 radius	 of	 this	 one	 is	 too	 large	 for	 the	 energy	 considered	 during	 RHEED	









This	 peculiar	 geometry	 allows	 to	 perform	measurements	 during	 growth	 of	 surface	 films,	
been	 possible	 to	 monitor	 the	 layer-by-layer	 growth	 of	 epitaxial	 films	 by	 monitoring	 the	












and	 hosts	 three	 experimental	 chambers;	 the	 main	 setup	 ALOISA	 dedicated	 to	 X-Ray	






































Even	 if	 the	 system	 hasn’t	 an	 entrance	 slit,	 the	 optics	 are	 used	 in	 the	 sagittal	 focusing	
configuration	to	minimize	the	aberrations	in	the	dispersive	plane.	All	the	optics	have	a	gold	


















































Sample	Holder	 SR	beam	 -90º;	+185º	 0.001º	
Sample	Holder	 Grazing	angle	 -2º;	+15º	 0.001º	





















































The	 Helium	 Atom	 Scattering	 and	 Photoelectron	 Spectroscopy	 (HASPES)	 chamber	 is	












































































On	 this	 chamber	 there	 is	 also	 an	 Ion	 gun	 for	 tip	 cleaning	 and	 normal	 incidence	 sample	
sputtering;	a	manipulator	with	a	filament	for	the	sample	electron	bombardment;	a	parking	
system	to	keep	samples	under	UHV	conditions	for	a	long	period;	a	fast	entry	with	a	gate	valve	











3.8.:	 a	 spherical	 chamber	 dedicated	 to	 the	 preparation	 and	 alignment	 of	 the	 sample	











to	 the	 ARPES	 chamber,	 a	 wobble	 stick	 to	manipulate	 the	 sample	 inside	 the	 preparation	
chamber,	a	four	degrees	of	freedom	manipulator	that	holds	two	filaments	for	heating	and	




















































Free	 base	 porphyrins	 or	 metalloporphyrins	 can	 be	 used,	 where	 the	 optical,	 electronic,	
magnetic	 and	 catalytic	 properties	 depend	 on	 the	 specific	metallic	 nucleus.	 This	 tuneable	
























chemistry	 these	 compounds	 known	 as	 organic	 dyes	 that	 are	 photosensitive	 can	 be	
functionalized	with	anchoring	groups	to	attach	to	TiO2	surfaces,	that	added	to	the	capabilities	
of	TiO2	as	electron	acceptor	to	be	growth	in	transparent	nanostructures	with	large	surface	
to	volume	 ratio,	 is	 fundamental	 in	one	of	 the	most	extended	applications,	dye-sensitized	
solar	 cells	 [27].	 These	prototypal	dye-sensitized	 solar	 cells	 are	 composed	by	a	mixture	of	
mostly	Anatase	that	favours	the	efficiency	and	minority	Rutile	crystals.	The	average	surface	
energy	of	an	equilibrium-shape	crystal	 for	Anatase	 is	 less	 than	 for	 rutile	 [28],	 that	 is	why	
nanoscopic	particles	are	less	stable	in	rutile	phase.	In	other	hand,	the	photocatalyst	activity	
























the	 surface	 along	 the	[110]	where	 six-fold	 coordinated	 Ti	 atoms	 alternate	with	 five-fold	
coordinated	 atoms	with	 one	 dangling	 bond	 perpendicular	 to	 the	 surface.	 Two	 kind	 of	O	
















Only	 minor	 relaxations	 occur	 mainly	 perpendicular	 to	 the	 surface	 [32]	 with	 an	 outward	
relaxation	 relative	 to	 the	 bulk	 position	 of	 the	 bridging	 O	 rows	 (0.2	 Å)	 and	 an	 inward	

















Since	 the	 annealing	 temperature	 during	 the	 last	 step	 reaches	more	 than	 750ºC,	 the	 lost	










Fig.	 4.3.	 STM	 constant	 current	 image	 of	 clean	 rutile-TiO2(110)	 surface	 with	 a	 (1x1)	




the	 applied	 bias	 voltage	 to	 the	 sample	 is	 negative	 or	 positive	 respectively.	 For	 TiO2(110)	
surface	the	optimal	bias	voltage	to	sample	empty	states	are	usually	in	the	range	of	1.0-1.5	V,	
and	 low	 tunneling	 current	 values	 (80-100	 pA).	 This	 empty	 states	 electronic	 picture	 of	 a	
stoichiometric	surface	with	a	Ti-O	in	a	perfect	1:2	ratio	shows	two	features:	dark	and	bright	
rows.	 The	 consensus	 is	 that	 the	dark	 rows	are	 the	bridging	O	 ions	while	 the	bright	 rows	


























































































element	of	 the	periodic	 table	 for	 tuning	 the	molecule	optical	properties.	Their	 functional	




interaction	with	 the	 hydrogen	 atoms	 in	 the	 ortho-	 positions	 of	 the	 phenyl	 rings	 and	 the	
adjacent	atoms	at	the	porphyrin	core.	In	addition,	2H-tbTPP	carries	additional	tertiary	butyl	
groups	at	the	two	meta-	positions	of	each	phenyl	leg.	The	2H-OEP	presents	very	flexible	ethyl	




evaporating	 over	 the	molecular	 layer,	 or	 predeposited	metal	 clusters)	 [38]	 but	 also	 self-
metalated	by	 incorporation	of	substrate	metal	atoms	under	thermal	treatment	[40].	 	This	
implies	as	 third	channel,	 the	possibility	of	 trans-metalation,	where	 the	metalloporphyrins	
exchange	its	core	metal	atom	by	a	more	reactive	substrate	atom.	Self-metalation	has	been	
successfully	 achieved	 on	metal	 substrates	 as	 Cu,	Ni	 or	 Fe	 but	much	 less	 is	 known	 about	





surfaces.	 First,	 the	 kinetics	 of	 metalation	 on	 metal	 surfaces	 is	 strongly	 influenced	 by	





exploited	 in	 free	base	porphyrins	 to	modify	 the	 local	molecular	 conductance	by	 selective	





Fig.	 4.9.	 Ball-and-Stick	 molecular	 structure	 of	 free-base	 octaethyl	 porphyrin	 (2H-OEP),	
tetraphenyl	 porphyrin	 (2H-TPP)	 and	 tert-butyl	 tetraphenyl	 porphyrin	 (2H-tbTPP).	 These	










process	 has	been	 attributed	 to	 the	high	 affinity	 of	 step	 and	 corner	oxygens	 at	 the	oxide	





on	 a	 surface	 at	 room	 temperature,	 the	 ligand	 state	 of	 nitrogen	 was	 probed	 by	 X-ray	
photoemission	of	the	N1s	core	level.	Although	metal-free	porphyrins	are	characterized	by	
two	well	 defined	N1s	 peaks	 of	 equal	 intensity	 (separation	 of	 ~2	 eV)	 stemming	 from	 the	
molecules’	 pair	 of	 hydrogenated	 (pyrrolic)	 nitrogen	 atoms	 and	 the	 pair	 of	 aza-	 (iminic)	
nitrogen	atoms	[50],	the	first	layer	of	molecules	always	displays	a	dominant	component	in	
the	N1s	photoemission	spectra	corresponding	to	an	energy	of		400.2	–	400.5	eV	as	shown	
in	 the	 Fig.	 4.10.	 2H-OEP	 and	 2H-tbTPP	 (Fig.	 4.10)	 were	 also	 evaporated	 in	 the	 same	
experimental	conditions	on	rutile-TiO2(110)-(1x1)	obtaining	the	same	behavior.	
This	 binding	 energy	 corresponds	 to	 the	 expected	 one	 for	 pyrrolic	 nitrogen.	 This	
“pyrrolization”	 has	 been	 reported	 in	 free-base	 phtalocyanine	 on	 rutile-TiO2(110)	 with	
contradictory	explanations	[51].	Increasing	the	deposition	beyond	the	monolayer	to	the	thick	
































due	 to	 its	 surface	 sensitivity	 (i.e.	 the	 escape	 depth	 of	 photoelectrons	 is	 about	 5-10	 Å),	





In	 the	 Fig.	 4.11.	we	 show	 the	 valence	 band	 spectra	 of	 a	 clean	 but	 slightly	 hydrogenated	




the	 hypothesis	 of	 the	 hydrogen	 uptake.	 We	 must	 take	 into	 account	 that	 the	 complete	
hydrogenation	of	the	nitrogen	present	in	the	first	molecules	layer	cannot	be	obtained	only	
with	 the	 hydrogen	 present	 in	 the	 surface,	 and	 more	 important	 if	 possible,	 that	 the	
hydrogenation	is	accomplished	even	on	surfaces	without	OH	contribution	(i.e.	free	of	defects	








































further	 annealing	 beyond	 400ºC,	 a	 decrease	 about	 20%	 is	 noticed,	 corresponding	 to	 a	
decrease	of	the	molecular	density	(Fig.	4.13).	
The	perfect	overlap	of	the	Ti	2p	spectra	(in	particular,	the	low	energy	tail)	seen	in	Fig.	4.13,	
with	 and	without	molecular	 overlayer,	 and	 before	 and	 after	 annealing,	 indicates	 that	 no	





Fig.	4.13	 (Left)	Photoemission	of	N1s	and	C1s	peaks	 from	 room	 temperature	 to	annealed	
molecules	monolayer	measured	with	photon	energy	of	650eV	and	normalized	in	intensity	to	












thermal	 treatment.	The	metalation	of	 the	molecule	 is	 reached	and	 the	N1s	peak	 shifts	 to	
398.8	eV.	(Right)	XPS	for	N1s	during	the	metalation	by	thermal	treatment	of	0.5	monolayer	














NEXAFS	 probes	 the	 unoccupied	 electronic	 states	 upon	 adsorption,	 providing	 also	 an	
estimation	 of	 the	 charge	 transfer	 in	 the	 bonding	 between	 adsorbate	 and	 substrate.	 The	
molecular	orientation	with	 respect	 to	 the	surface	can	also	be	estimated	by	analysing	 the	











were	 fitted	 with	 low	 accuracy	 applying	 a	 Fermi	 step	 and	 a	 Gaussian/Lorentzian	 fit	
approximation	using	XPSmania.	
The	phenyls	tilt	angle	value	is	33.98º	for	the	molecules	in	the	as-grown	monolayer	at	room	




to	 the	metalation	 (250ºC),	 the	dichroism	of	 the	macrocycle	peak	 is	only	 slightly	affected,	
while	the	phenyl	peak	dichroism	decreases,	giving	a	calculated	tilt	angle	of	42.2º,	as	due	to	




phenyl	 peaks,	 corresponding	 to	 a	 strong	 planarity	 of	 the	 molecule	 usually	 seen	 in	 the	
aromatization	of	carbon	compounds,	with	a	tilt	angle	calculated	for	the	macrocycle	pyrroles	
































































the	fact	 that	 the	measurement	 is	performed	for	a	thickness	of	1.3	monolayer.	The	 iminic	
component	presents	a	larger	dichroism	with	respect	to	the	pyrrolic	one,	suggesting	that	the	
macrocycle	 of	 the	 doubly	 hydrogenated	 4H-OEP	 porphyrin	 has	 a	 larger	 saddle-shape	
distortion	with	respect	to	the	2H-OEP	bare	porphyrin.	After	annealing,	the	resonances	from	
the	inequivalent	Nitrogen	converge	into	a	single	peak	at	398.6	eV	that	is	in	good	agreement	





Fig.	 4.19.	 2H-tbTPP	 monolayer	 over	 rutile-TiO2(110)	 (1x1),	 C	 k-edge	 polarized	 NEXAFS	
normalized	to	the	absorption	measured	on	a	clean	rutile-TiO2(110)	surface.	Displaying	(up)	





























































tunneling	current=4.5pA	13x13	nm.	 (Down	 left)	Molecule	with	characteristic	 saddle	shape	
over	O(2c)	 row	and	 its	profile,	and	rectangular	shape	molecule	over	Ti(5f)	 row	and	(down	














Fig.	 4.22.	 (Left)	 STM	 image	 from	 self-metalated	 sub-monolayer	 of	 2H-TPP	 over	 rutile-
TiO2(110)	with	predominance	of	rectangular	shape	molecules.	Bias=	1.4V,	Tunneling	current=	
4pA,	35x35nm.		(Right)	Same	phase	STM	image	at	negative	bias	showing	similar	behaviour.	
Bias=-1.6V,	 tunneling	 current=4pA,	 60x60nm.	 (Down	 right)	 STM	 image	 with	 (down	 left)	








The	 high	 coverage	 range	 presents	 a	 different	 behaviour	 due	 to	 the	 molecule-molecule	
interaction.	Initially	the	molecules	don’t	aggregate	into	islands	due	to	small	van	der	Waal’s	
intermolecular	interaction.	As	the	coverage	increases	and	molecules	along	O(2c)	rows	enter	
in	 contact,	 their	 phenyl	 rings	 start	 to	 arrange	 the	 molecules	 into	 an	 ordered	 scheme	
corresponding	to	a	commensurate	oblique-(2x4)	phase	displaying	slanting	rows	of	molecules	





Fig.	 4.24.	 (Left)	 Growing	 of	 the	 high	 density	 phase	 at	 RT.	 Bias=	 -1.299V,	 Tunneling	
Current=4pA,	 30x30	 nm.	 (Right)	 STM	 image	 from	 high	 coverage	 2H-TPP	 obtained	 by	







140ºC	 and	 (down	 left)	 300ºC,	 for	 thermal	 treatment.	 (Down	 right)	 The	 calculated	 LEED	
pattern	of	the	oblique-(2x4)	phase	with	a	single	domain	is	shown	for	comparison.	
	
Under	thermal	 treatment	the	phase	remains	unchanged	as	seen	 in	the	until	 reaching	the	





molecules	 line	 up	 in	 perfectly	 parallel	 linear	 rows	with	 a	 rectangular	 superlattice	 that	 is	
collinear	 to	 the	 substrate	primitive	 lattice	 (Fig.	4.26).	Upon	 further	heating	 to	450ºC	and	
higher,	 the	molecular	 rows	 still	 preserve	 their	 sharp	 straightness,	 but	 local	 domains	 are	
Tetrapyrrole	macrocycles:	Porphyrins	
	 66	




Fig.	 4.26.	 (Left)	 Annealing	 above	 400ºC.	 Bias=	 -1.5V	 Tunneling	 Current	 =	 8pA,	 80x80nm.	




the	 macrocycle	 is	 no	 significantly	 changed	 (Fig.	 4.27).	 Finding	 the	 exact	 registry	 of	 the	
molecules	with	the	substrate	along	the	rows,	they	are	still	adsorbed	atop	the	substrate	Obr	
rows,	 like	 2HTPP,	 4HTPP	 and	 TiO2-TPP.	 Full	molecular	 desorption	would	 be	 observed	on	
terraces	where	the	substrate	displays	the	characteristic	(2x1)	reconstruction,	as	originated	
by	very	high	oxygen	reduction.	The	correspondence	of	the	molecular	rows	with	the	Obr	rows	
can	be	determined	a	posteriori	 from	 the	comparison	with	 images	obtained	 for	 the	 clean	
surface	on	adjacent	terraces	displaying	either	surface	reconstruction.	As	shown	in	the	i	Fig.	


















STM	 measurements	 shown	 in	 Fig	 4.28.	 of	 2H-tbTPP	 sub-monolayer	 deposited	 at	 room	
temperature,	present	a	single	squared	monomer	composed	by	multiple	two-fold	lobes,	four	
around	 the	 core	 and	 eight	 less	 protruding	 surrounding	 them	 in	 pairs	 in	 a	 saddle-shape	
conformation.	 They	 can	 be	 attributed	 to	 the	 tert-butyl	 groups	 due	 to	 its	 position	 and	





































To	simulate	low-coverage	conditions	an	oblique	 3 36 1 	supercell	including	21	unit	cells	and	
the	PBE-D	lattice	constants	of	TiO2	were	used.	To	simulate	high-coverage	instead	two	oblique	




Ab	 initio	 calculations	 predict	 that	 the	 gas-phase	 hydrogenation	 for	 the	 2H-TPP	 is	 faintly	
exothermic	at	0	K,	and	assuming	an	ideal	gas	behaviour	for	H2,	about	∆ ≈ +0.3	4!	at	RT,	
in	agreement	with	the	presence	of	2H-TPP	and	not	4H-TPP	and	according	with	the	possibility	





Tunneling	 Microscopy	 (STM)	 measurements,	 to	 determine	 its	 absorption	 site.	 At	 low-
coverage,	STM	unambiguously	displays	the	molecules	with	a	common	azimuthal	orientation	
atop	the	oxygen	rows	with	the	squared	molecular	edge	parallel	to	the	[001]	direction	and	a	









orientations	 are	 possible:	 with	 two	 opposite	 Nitrogen	 atoms	 along	 the	 substrate	 [001]	





and	 the	hydrogenated	4H-TPP	one	 is	 found	as	 shown	 in	Fig.	4.30.	on	 the	bridge	position	
between	 two	 adjacent	 Obr	 atoms	 along	 the	 [001]	 substrate	 direction,	 with	 the	 opposite	

















larger	 bending	 by	 6º	 of	 the	 pyrrolic	 units	 upon	 hydrogen	 uptake.	 Although	 it	 cannot	 be	
observed	in	the	STM	images	(which	is	performed	at	room	temperature),	this	 is	consistent	
with	 the	dichroism	of	 the	 residual	 iminic	component	 in	 the	N	K-edge	compared	with	 the	
pyrrolic	one.	Once	reached	this	configuration,	the	energy	reaction	of	hydrogen	uptake	from	
the	surface	is	much	more	exothermic	(-1.40	eV)	with	respect	to	the	gas-phase.		














hydrogen	atoms	 instead	yield	a	 small	 shift	of	0.3	eV	 to	higher	binding	energy	 (BE)	with	
respect	to	the	pristine	pyrrolic	pair	coordinated	with	the	oxygen	rows.	This	small	CLS	are	not	
resolved	in	the	XPS	measurements	but	is	consistent	with	the	broadening	(∆FWHM	=	+0.4eV)	
of	 the	 main	 nitrogen	 component	 observed	 in	 the	 monolayer	 range	 with	 respect	 to	 the	
multilayer.	
Then,	 Low	 coverage	 2H-TPP	 layers	 at	 room	 temperature	 show	 that	 molecules	 are	 full	
































are	 cyclodehydrogenated.	 Assuming	 the	 TiTPP	 species	 absorbed	 on	 O(2c)	 sites	 are	
progressively	when	annealing	 converted	 into	TiOTPP	 species	 absorbed	at	 Ti(5c)	 sites	 and	
considering	 the	 cyclodehydrogenation	of	 this	 last	 units,	 an	 isolated	 cyclodehydrogenated	
TiOTPP	molecule	on	Ti(5c)	site	with	three	different	configurations	was	modelled,	with	the	
axis	oriented	along	the	phenyl’s	bounded	pyrroles	rotated	perpendicular	(90º),	parallel	(0º)	
and	30º	 respect	 to	 the	 [001]	direction.	The	 result	was	 that	 the	30º	orientation	observed	









along	adjacent	Obr	 rows	enter	 in	contact	and	the	phenyls	 interaction	starts	 to	arrange	an	
ordered	scheme	corresponding	to	a	commensurate	 2 24 1 	symmetry	(oblique-(2x4))	close	
to	the	completion	of	the	monolayer,	which	displays	the	highest	density	packing	observed	
(ρ=0.52	mol/mm2).	This	oblique-(2x4)	symmetry	phase	is	reached	by	multilayer	desorption	
or	 calibrated	MBE	 deposition	 in	 the	monolayer	 regime	 (from	 0.8	 to	 1.0	ML).	 During	 the	
growth,	eventually	domains	with	 2 25 1 	symmetry	(oblique-(2x5))	are	locally	formed	with	a	
lower	density	packing	(ρ=0.43	mol/mm2).	
Opposite	 to	 low	density	 films,	 at	 high	 density	 films	 only	 a	 single	 species	 is	 present	 after	
annealing.	This	most	favoured	molecular	configuration	corresponds	with	TiTPP@O(2c)	that	




leads	 minor	 azimuthal	 reorientations	 due	 to	 phenyl	 coupling	 until	 the	 equilibrium.	 The	
results	 shown	 in	 Fig.	 4.34.	 for	 both	 symmetries	 oblique-(2x4)	 and	 oblique-(2x5)	
corresponding	with	the	two	recognized	densities	display	a	small	azimuthal	reorientation	of	
8º	 for	 the	 oblique-(2x4)	 phase	 and	 a	 perfect	 alignment	 respect	 to	 the	 high	 symmetry	
direction	for	the	oblique-(2x5)	for	all	three	chemical	states.	The	absorption	energy	decreases	
slightly	when	passing	from	low	density	to	high	density	model,	which	favours	the	formation	
of	 high	 density	 films.	 This	 difference	 is	 minimum	 for	 the	 2H-TPP	 and	maximum	 for	 the	
Ti(O2c)-TPP.	If	we	take	instead	in	count	the	specific	absorption	energy	εads	as	the	adsorption	











molecular	 Eads	 and	 film	 εads	 adsorption	 energies	 for	 the	 four	 porphyrin	 species	 in	 the	 two	























overlaps	 for	 any	 azimuthal	 orientation	of	 the	molecules	due	 to	 the	molecular	density.	 In	
order	 to	 complete	 the	 calculus,	we	performed	 some	 test	on	 the	o-(2x5)	phase,	 that	was	
reportedly	observed	for	ZnTPP	on	TiO2	(110)	[X].	Even	its	density,	the	o-(2x5)	phase	can	bear	






due	 to	 desorption	 or	 molecular	 decomposition.	 This	 confirms	 that	 the	 (2×4)→(2×6)	







view	of	 the	 r-(2x6)	 and	o-(2x6)	 phases.	 b)	 and	 c)	 side	 view	of	 the	molecule	 in	 the	 r-(2x6)	
highlighting	the	coordination	between	the	porphyrin	Ti	and	the	surface	Obr	aroms.		
	




tetra-pyridyl	 complex	 the	 adsorption	 configuration	 is	 mostly	 driven	 by	 its	 peripheral	
terminations,	namely	by	the	direct	interaction	of	its	two	cyano	ends	with	the	Ti5f	atoms	of	




The	 comparison	 between	 calculated	 DOS	 profile	 and	 STM	 measurements	 of	 individual	
Hybrid	interfaces	of	heteroaromatic	molecules	on	TiO2	
	 79	
molecules	 for	 the	 two	absorption	 sites	 (on	bridge	 and	on	 top	Obr	 rows),	 that	 cannot	be	
simply	discriminated	from	the	analysis	of	topographic	images,	shown	that	rectangular	shape	
of	the	molecules	can	be	clearly	appreciated	in	STM	(Fig.	4.36)	for	positive	and	negative	bias,	
















backbone	 has	 the	 same	 rectangular	 flat	 structure	 and	 azimuthal	 orientation	 of	 those	
adsorbed	atop	the	Obr	rows.	This	configuration	(Fig.	4.36)	yields	a	completely	different	DOS	
profile.	 There	 is	 a	 complete	 mismatch	 of	 the	 main	 features	 associated	 with	 the	 inner	
macrocycle,	from	which	we	can	safely	discard	these	model.	
The	 different	 appearance	 of	 the	 lateral	 structure	 (associated	 with	 the	 aromatic	 carbon	





adsorbed	 at	 the	 edge	 of	 deep	 troughs	 clearly	 display	 a	 larger	 extension	 of	 the	 lateral	
structure	 spreading	 above	 the	 trough.	 These	 edge	 molecules	 closely	 resemble	 the	 DOS	
profile	of	the	on-top	fully	flat	molecule	(Fig.	4.36),	whereas	the	lateral	spread	is	much	more	
limited	in	between	adjacent	molecules	within	a	(2	×	6)	domain.	This	is	in	full	agreement	with	
the	 predicted	 structural	 origin	 (hogback	 bending)	 of	 the	 molecular	 contrast	 outside	 the	
macrocycle.		




However,	 (i)	 the	 pronounced	 nodal	 plane,	 which	 is	 ubiquitously	 observed	 at	 any	 STM	
contrast	and	length	scale	in	the	(2	×	6)	phase	domains,	and	(ii)	the	closer	resemblance	of	the	
corresponding	 inner	 macrocycle	 features	 at	 positive	 bias	 (Fig.4.36)	 favor	 the	 on-bridge	




Finally,	 considering	 the	models	 a	 sketch	 of	 the	 temperature	 evolution	 of	 the	monolayer	
saturation	phase	of	2HTPP	on	the	rutile	TiO2(110)	can	be	drawn	(Fig.	4.37).	While	the	same	
molecular	 ordering	 is	 preserved	 across	 the	 self-metalation	 reaction,	 partial	 molecular	
desorption	takes	place	upon	cyclo-dehydrogenation	decreasing	the	molecular	density	of	the	
saturated	monolayer	from	0.52	to	0.43mm-2.	The	invariance	of	azimuthal	orientation	and	












by	 the	 addition	 of	 four	 sp2	 carbon	 atoms	 to	 give	 four	 coplanar	 isoindole	 groups.	 The	
molecular	flexibility	 is	enhanced	by	the	additional	degree	of	freedom	available	due	to	the	
isoindole	moieties	rotation	capability	about	the	outer	C-N	bonds.	




































hydrogen	 at	meso-	 atoms.	 The	 thermal	 treatment	 of	 the	monolayer	 at	 200º	 causes	 the	
disappearance	of	the	pyrrolic	component,	with	an	increase	in	the	remaining	component	that	
shifts	 to	398.8	eV.	This	conversion	 is	almost	completed	at	 lower	temperature	(90ºC).	As	
seen	the	deposition	of	a	monolayer	of	metal	porphyrins	(i.e.	TiO-Pc)	shows	a	single	peak	at	






The	pyrrolization	of	 nitrogen	on	 free-base	phtalocyanines	on	 rutile-TiO2(110)	has	 already	
been	reported	in	the	literature	[77],	without	conclusive	explanation.	
Performing	NEXAFS	measurements	on	the	experiment,	asseen	in	the	Fig.	4.40.	the	spectrum	




Their	 intensity	 ratio	 is	 similar	 to	 the	 multilayer,	 suggesting	 a	 weak	 coupling	 with	 the	
substrate.	 There	 is	 a	 pronounced	 dichroism	 in	 the	main	 π-symmetry	 resonances.	 Fitting	
peaks	1	and	2	the	molecular	tilt	angle	can	be	estimated,	being	about	18º	at	LT	(-100ºC)	and	
28º	at	RT	from	the	 110 	direction.	This	decrease	in	the	π	dichroism	that	is	also	seen	in	the	






the	 pocket	 incorporates	 the	 Ti	 atom,	 rather	 than	 a	 tilt	 of	 the	whole	molecule.	 Since	 no	




molecules	 to	maximize	 the	 hybridization	 of	 the	 extended	π	 system	with	 the	 substrate	 is	






























































present	 lower	 adsorption	 energies	 by	 about	 0.2eV.	 The	 distance	 between	 the	molecular	
plane	and	the	substrate	plane	(i.e.	average	value	of	z	between	five-fold	Ti	and	bringing	O	
ions)	is	about	3.65	Å	on	the	Ti(5c)	rows	and	3.61	Å	on	O(2c)	rows.		




























planar	 configuration,	 so	 fullerenes	 are	 subdued	 to	 an	 angular	 stress	 due	 to	 its	 curvature	
being	 stable	 but	 not	 inert.	 This	 molecule	 satisfies	 the	 Euler	 theorem,	 where	 twelve	
pentagons	 are	 necessary	 to	 close	 a	 curve	 structure	 form	 by	 n	 hexagons.	Moreover,	 the	





































the	 system.	 Several	 progresses	 in	 the	 2D	 D/A	 supramolecular	 architecture	 have	 been	
achieved,	 demonstrating	 that	 the	 lateral	 interaction	 between	 complementary	 molecules	



































5.5.	 	 comparison	 with	 the	 multilayers,	 demonstrate	 that	 the	 all	 of	 them	 present	 small	
substrate	interaction	by	themselves,	with	all	the	features	that	can	be	ascribe	to	the	different	
HOMO	levels,	at	similar	energies	with	negligible	shifts	[90].	In	the	table	5.1.		the	shifts	in	the	
energy	 for	 the	 secondary	 cut-off	 from	 the	 different	 species	 in	monolayer	 and	multilayer	




































































position.	 These	 changes	might	 be	 due	 to	 the	 formation	 of	 clusters	 and	 the	 consequent	
exhibit	of	the	surface,	respectively.	
The	shift	of	the	HOMOs	from	the	C60	as	second	layer	added	to	the	negligibly	influence	in	the	














the	energetic	barrier	 for	the	hydrogen	uptaking	from	the	bulk	 is	 in	complete	agreement	with	this	
hypothesis.	 The	 peripheral	 substituents	 and	 macrocycle	 nature	 in	 the	 different	 heterocyclic	
molecules,	affects	instead	the	energy	barrier	for	self-metalation,	with	the	predominance	of	the	2H-
Pc	since	its	absorption	is	almost	planar,	favouring	the	self-metalation	even	at	room	temperature.		




350ºC.	This	phase	 is	 irreversible	 transform	 into	a	 (2x6)	 symmetry	phase	beyond	350ºC,	driven	by	
partial	dehydrogenation	of	 the	phenyl	 terminations	and	 formation	of	new	aryl-aryl	carbon	bonds,	
which	flatten	the	molecule	in	rectangular	structure,	preserving	the	aromaticity	of	the	tetrapyrrolic	
macrocycle.	 This	 phase	 transition	 supposes	 the	 partial	 desorption	 of	 about	 20%	 molecules,	
maintaining	the	adsorption	site	and	molecular	orientation	of	the	original	free-base	porphyrins	and	













regarded	 as	 a	 catalytic	 surface	 favouring	 molecular	 decomposition	 and	 as	 a	 dielectric	 favouring	
molecular	desorption.	This	 stabilization	 take	profit	of	both	properties.	The	molecular	anchoring	 is	
driven	by	a	strong	bonding	of	the	tetrapyrrolic	macrocycle	to	the	Obr	rows	in	whatever	chemical	state	
(2H-TPP,	4H-TPP,	TiO2-TPP	and	TiO2-TPP	cyclo-dehydrogenated),	keeping	the	molecules	in	registry	




phenyl	 rings	 can	 bring	 them	 down	 with	 a	 frequency	 large	 enough	 to	 trigger	 the	 cyclo-
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